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Abstract

Holonic systems provide a powerful paradigm for modeling complex, distributed, and autonomous systems. However, their
deployment in large-scale, heterogeneous environments raises challenges related to coordination, semantic alignment, bias
migration, ethical reasoning, and real-time adaptation. This paper extends classical holonic architectures by introducing
five complementary holon dimensions: effective, understanding, unbiased, vigilant, and ethical holons. Each dimension
targets a specific capability required for resilient and socially responsible system behavior. These capabilities range from
sustainability-aware decision-making and contextual understanding to bias mitigation and situation awareness. To enable
coherent operation across autonomous and heterogeneous holons, this paper proposes to integrate federated interoperability
as a foundational architectural principle. A dedicated federated interoperability holon (FIH) is proposed to dynamically man-
age technical and semantic interoperability. It also supports on-the-fly ontology alignment through short-lived ontologies as
well as orchestrates coordination among specialized holons without centralized control. The framework is analyzed through
a holon-based simulation approach, where holons act as autonomous simulation entities and are instantiated as High Level
Architecture (HLA) federates. The applicability of the proposed framework is illustrated through a rural mobility use case
focused on transportation systems. In this scenario, holonic coordination supports decision-making regarding multimodal
integration, routing strategies, and the identification of mobility deserts. Overall, this work advances holonic system design
by proposing an integration of specialized holon roles with federated interoperability mechanisms. It provides a scalable
foundation for adaptive and socially aligned systems in domains such as mobility, smart territories, and enterprise ecosystems.

Keywords Holonic systems - Artificial intelligence - Digital twins - Holon-directed simulation - Federated interoperability -
Rural mobility

1 Introduction

The concept of holons [26] provides a foundational abstrac-
tion for modeling complex systems composed of autono-
mous yet interdependent components. In the context of artifi-
cial intelligence (Al), digital twins (DT), and cyber-physical
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systems (CPS), these technologies enable the creation of
systems that are adaptable, resilient, and capable of autono-
mous decision-making [17]. Building on this foundation,
holonic frameworks further enhance their ability to manage
complex interactions.

Recent research has explored the application of holonic
systems in various domains. For example, the MAS4AI
framework [56] was introduced for human-centered, agile,
and smart manufacturing, showing how holonic architec-
tures integrated with artificial intelligence (AI) can enhance
system performance. Another example is the Holon Pro-
gramming Model [3] which was proposed as a software-
defined approach to system-of-systems engineering that
leverages holons for dynamic composition, collaboration,
and adaptability.
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Additionally, the work by Irani et al. [21] on computation-
ally aware systems recommended features through a review
of 188 definitions, underscoring their relevance to advanced
simulation. This research highlights the importance of com-
putational awareness in the development of advanced hol-
onic systems.

Furthermore, the study by Oren et al. [46] on an ontology-
based dictionary of understanding provides a foundation for
developing software agents with understanding capabilities.
This ontology-based dictionary allows for a structured repre-
sentation and processing of knowledge, which is essential for
enabling context-aware interpretation and informed reason-
ing within holonic systems.

However, despite these advances, important limita-
tions remain in current autonomous, adaptive, and holonic
systems. In particular, existing approaches provide limited
support for large-scale collaboration and adaptive coor-
dination across heterogeneous systems without requiring
structural modifications. These limitations reduce system
responsiveness and robustness in dynamic, system-of-sys-
tems environments. To address these challenges, this paper
extends the discussion on holonic systems by examining new
conceptual dimensions pertaining to collaboration and feder-
ated interoperability, defined as the ability of two or more
systems to communicate and operate together while adapt-
ing to environmental changes without requiring structural
modifications. Specifically, we propose five complemen-
tary aspects that enhance decision-making quality, long-term
effectiveness, contextual interpretation, fairness, and collec-
tive situational awareness within holonic systems. In addi-
tion, we investigate an extension of modeling and simulation
paradigms toward holon-directed simulation, in which hol-
ons not only participate in simulations but also influence and
direct simulation execution in response to evolving objec-
tives and environmental conditions. Through this perspec-
tive, we explore synergies between systems engineering,
simulation, computer understanding, awareness, and unbi-
asedness in the development of Human-Centric Intelligent
Systems (HCIS).

To this end, we give a more extensive context regarding
holonic systems as well as a more in-depth description of the
motivation for this work in Sect. 2. Afterwards, we present a
detailed description of holonic systems and simulations and
identify some of the challenges currently affecting them in
Sect. 3. We then describe the various proposed dimensions
and ontologies for holonic systems in Sect. 4. Following
that, the federated interoperability holon — made to facilitate
orchestration, synchronization and collaboration — is intro-
duced in the Federated Interoperability in Sect. 5. Subse-
quently, we present a rural mobility use case for a holonic
system based on the newly proposed holon and HLA-based
simulation in Sect. 6. Finally, we present future work pos-
sibilities and conclude this work in Sect. 7.
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2 Background and Motivation
2.1 Holons and Holarchy

Holons and agents share several similarities, and it is there-
fore necessary to highlight their differences. According to
Oren [39, 41], holons are self-contained entities that func-
tion simultaneously as autonomous wholes and as dependent
parts of a larger system, organized according to the princi-
ples of holarchy — an organizational structure in which hol-
ons are recursively nested across multiple levels. Each holon
retains local autonomy while contributing to the objectives
of higher-level holons, typically called superholons, whereas
holons contained within them are referred to as subholons,
as shown in Fig. 1. While similar to agents in their autono-
mous behavior, holons authority, decision-making and scope
of application are constrained by their position in the hier-
archy, forming a pyramid-like structure. In this hierarchy,
top-level holons possess the greatest authority, while lower-
level holons execute directives from higher levels within
the bounds of their local autonomy, aligning decisions with
overarching system objectives [5].

Unlike rigid, centralized hierarchies, a holarchy distrib-
utes authority, responsibility, and decision-making across
levels, preserving local autonomy and adaptability. This
structure enables coordination, scalability, and resilience,
allowing global system behavior to emerge from locally
autonomous but structurally constrained components. A hol-
onic system is a practical instantiation of this principle — a
system composed of interacting holons that perform tasks,
make decisions, and collaborate according to the holarchy.

In contrast, agents in multi-agent systems (MAS) are
autonomous entities that interact with others to achieve indi-
vidual or collective goals, operating in decentralized and
non-hierarchical environments. In the DT systems, there is

Holonic System
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Fig.1 Holonic System Structure
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an interest in using the holarchy approach to define some
orchestrator holons that deal with interoperability between
holons while driving domain specific agents (sub hierarchi-
cal level holons). Additionally, keeping humans in the loop
leads to a hybrid approach that mixes human-artificial agents
in the system. In between agents, Agentic Al [49] can offer
more flexibility in collaboration.

Holonic systems have been applied in various domains,
including manufacturing, supply chain management, and
healthcare. For example, in manufacturing, holons can
optimize production processes by dynamically reallocating
resources, while in healthcare, holons can analyze patient
data to recommend personalized treatment plans. However,
the integration of Al and digital twins has opened new ave-
nues for holonic systems to evolve. DT provides real-time
data and virtual representations of physical systems, enhanc-
ing the autonomy and adaptability of holonic systems.

2.2 Historical Context and Evolution of Holonic
Systems

The concept of holons has its roots in the work of Koestler
[26], who introduced the idea of entities operating simulta-
neously at multiple levels of organization. Building on his
philosophical foundations, researchers in the manufacturing
domain recognized the potential of holonic principles for
engineering complex, adaptive production systems. In the
early 1990s, the Holonic Manufacturing Systems (HMS)
[61] paradigm was developed within the Intelligent Manu-
facturing Systems (IMS) research initiative to address limi-
tations of traditional manufacturing architectures, such as
centralized control and poor adaptability to change. The
HMS concept models manufacturing resources — including
machines, cells, products, and operators — as autonomous,
cooperative holons that can self-organize and negotiate to
achieve production goals in a flexible and distributed man-
ner [4, 16].

One early scientific conceptualization of this paradigm is
the work on holonic manufacturing scheduling which for-
malized how holons—defined as entities with both informa-
tional and physical components—cooperate within a holar-
chy to coordinate activity and make decentralized decisions
to meet manufacturing objectives in dynamic environments
[18]. Subsequent research has elaborated on mechanisms
for holarchy formation and optimization, demonstrating how
holons can dynamically reconfigure coordination structures
to respond to changes in production requirements and dis-
turbances in the system [20].

Over time, the application of holonic concepts expanded
beyond manufacturing into broader socio-technical sys-
tems. Recent studies highlight the translation of holonic
structures into contexts such as multi-agent systems, cyber-
physical production systems, and sustainable organizational

architectures, reflecting the general utility of holonic princi-
ples for managing complexity, autonomy, and cooperation
in diverse domains [4].

2.3 Recent Advances in Holonic Systems

Recent advancements in holonic systems research continue
to expand both the theoretical foundations and practical
applications of holonic architectures across diverse domains.
Beyond the early application of holonic principles in manu-
facturing, contemporary research demonstrates how holonic
concepts are being integrated with advanced computational
frameworks, decision-making methods, and digital infra-
structure to support complex, dynamic systems.

For instance, the design of holonic smart grid architec-
tures illustrates how decentralized, holon-based control can
enhance resilience and adaptive operation in power and
energy systems, enabling intelligent coordination among
distributed energy systems, enabling intelligent coordination
among distributed energy resources and responding robustly
to disturbances in real time [50]. Similarly, research has pro-
posed holonic multi-agent structures for decision-making
in smart grids, combining genetic algorithms and decen-
tralized control strategies to improve system resilience and
optimize performance under uncertainty [57]. These stud-
ies show how holonic systems can move beyond traditional
manufacturing contexts to address critical challenges in
infrastructure, energy, and resource management.

Recent work also explores extending holonic architec-
tures into cyber-physical holon designs, where holons are
mapped to both physical and virtual components using
multi-agent system principles, facilitating continuous intel-
ligent decision-making and self-organization in cognitive
manufacturing and other complex systems [32]. Studies on
holonic reengineering for sustainable cyber-physical systems
demonstrate that integrating holonic principles with CPS
and intelligent agents supports adaptive autonomy and resil-
ience, positioning holons as active elements within Industry
4.0 and beyond [32].

Furthermore, the holonic paradigm continues to be
applied in real-time complex project execution domains,
such as construction management, where holonic execution
systems support dynamic scheduling and resource coordina-
tion linked to building information models (BIM), demon-
strating adaptability and robustness in non-manufacturing
contexts [35]. Other research in data collection and process-
ing methodologies for holonic systems provides experimen-
tal insights into how communication interfaces and intelli-
gent data pipelines can support real-time holon interaction
and performance optimization in industrial environments
[34].

These recent advances underscore the evolution of hol-
onic systems from their origins in flexible manufacturing
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toward broader, cross-domain frameworks capable of
operating within smart infrastructure, CPS, energy-crit-
ical domains, and intelligent multi-agent networks. This
evolution reflects not only the increasing complexity of
engineered systems but also the growing need for adap-
tive, resilient, and autonomous coordination mechanisms
that holonic architectures are well positioned to provide.

2.4 Challenges and Limitations of Current
Autonomous Systems

Despite the substantial advances in artificial intelligence,
digital twins, and autonomous decision-making technolo-
gies, current autonomous systems continue to face several
persistent challenges and limitations. A key limitation con-
cerns their restricted adaptability in dynamic and uncer-
tain environments. Many autonomous systems rely on
predefined models, assumptions, or learned policies that
do not generalize well when operating conditions change
unexpectedly, leading to degraded performance or unsafe
behavior in complex real-world settings [28]. This issue
is particularly pronounced in large-scale and System-of-
Systems contexts, where heterogeneous components must
dynamically interact, reconfigure, and maintain interoper-
ability at runtime [9, 37].

Another critical challenge is the presence of cognitive
and algorithmic biases in autonomous decision-making
processes. These biases may originate from training data,
model design choices, or implicit assumptions embedded
within learning algorithms, and can result in unfair or dis-
criminatory outcomes. Such risk are especially concerning
in socially sensitive domains such as finance, healthcare,
and public services, where autonomous decisions may sig-
nificantly affect individuals or groups [22, 63].

In addition, ethical and responsibility-related concerns
remain insufficiently addressed in many autonomous sys-
tems. As these systems increasingly make or support deci-
sions with moral, legal, and societal implications, questions
of accountability, responsibility attribution, and compliance
with ethical principles become critical. Existing approaches
often lack explicit mechanisms for reasoning about responsi-
bility, blame, or ethical trade-offs, limiting trust and accept-
ance of autonomous technologies [22, 63].

Finally, many autonomous systems exhibit limited situ-
ational awareness and contextual understanding, constrain-
ing their ability to interpret complex environments, integrate
heterogeneous information sources, and collaborate effec-
tively with humans, or other autonomous entities. Insuffi-
cient transparency, explainability, and shared awareness can
hinder human-AlI cooperative interactions and reduce overall
system effectiveness, particularly in safety—critical and time-
sensitive applications [14, 31].

@ Springer

2.5 Motivation for Integrating Holonic Principles

Integrating holonic principles with autonomous systems
such as artificial intelligence and digital twins offers a prom-
ising solution to address several limitations in current auton-
omous and adaptive technologies. Al-enhanced digital twins
have evolved from static models into autonomous, adaptive,
and resilient cyber-physical systems capable of real-time
monitoring, predictive analytics, and proactive decision-
making, which aligns with holonic goals of decentralized
awareness and responsiveness [36, 60]. By embedding such
capabilities into holonic structures, individual holons can
leverage continuous data flows and Al insights to make more
informed decisions, improving flexibility and system-wide
robustness in dynamic environments while preserving local
autonomy.

Furthermore, emerging work in smart manufacturing
illustrates how federated learning and edge Al integrated
with digital twins can support real-time co-simulation and
adaptive learning across distributed components, reduc-
ing the need for centralized data aggregation and enhanc-
ing scalability and privacy—attributes desirable in holonic
ecosystems with distributed decision-making units [2]. This
combination of Al, federated learning, and digital twin tech-
nologies suggests a pathway toward self-optimizing and col-
laborative holonic systems that can adjust to changing condi-
tions and unanticipated scenarios without requiring global
reconfiguration.

Holonic systems extended with Al also create opportuni-
ties for greater resilience and fault tolerance. Incorporating
predictive models and adaptive control enables dynamic
reconfiguration of roles and behaviors among holons, help-
ing the system respond to disturbances and sustain perfor-
mance without centralized oversight. Research on digital
twin and Al integration consistently highlights how data-
driven insights, reinforcement learning, and scenario analy-
sis contribute to autonomous optimization and resilience in
complex environments [36, 60].

Moreover, the incorporation of ethical guidelines and
unbiased decision-making processes within holonic sys-
tems is critical for ensuring fair and transparent outcomes
as autonomous decision-making expands. Ethical Al frame-
works emphasize the importance of embedding principles
such as fairness, accountability, and transparency directly
into system design to mitigate bias and unintended nega-
tive consequences, an important requirement when decision
authority is distributed among autonomous holons [33, 51].
For instance, holons responsible for ethical considerations,
which are detailed further in Sect. 4.1, can be designed to
prioritize safety, fairness, and public trust in contexts where
decisions have tangible impacts on people’s lives. Research
in Al ethics and decision-making highlights how struc-
tured ethical frameworks and bias mitigation strategies help
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autonomous systems align with societal values and reduce
discriminatory outcomes, supporting this holonic extension
[33].

Collectively, these developments motivate the integration
of holonic principles with Al and digital twin technologies.
By combining decentralized autonomy, real-time data inte-
gration, federated learning, and ethical decision support, hol-
onic systems may potentially overcome current limitations
in adaptability, transparency, and bias mitigation. This inte-
gration paves the way for smarter, more resilient, and ethi-
cally aligned autonomous systems that operate effectively in
complex, evolving environments.

3 Holon-Directed Systems and Simulation

Agent-directed simulation (ADS), part of the Modeling &
Simulation (M&S) paradigm [44], is based on the synergy
of software agents and simulation, and its aspects have been
extensively detailed in several foundational works [45, 64].
ADS provides a very rich paradigm encompassing both
the use of simulation to model agents (agent simulation or
agent-based simulation) and the use of agents to support
simulation (agent-supported simulation and agent-monitored
simulation) [64]:

1. Agent simulation or agent-based simulation is the simu-
lation of systems modeled by agents and is a very pow-
erful and widely used paradigm [54]. This is due to the
fact that it can benefit from all types of software agents,
including intelligent and autonomous agents. It can also
benefit from all types of simulation and its applications
such as experimentation [42] and experience gain, which
serve to either enhance three types of skills [43] or for
entertainment [53]. These three types of skills are motor
skills, decision-making and communication skills, and
operational skills. Motor skills are developed through
virtual simulation, wherein real individuals operate vir-
tual equipment within virtual environments. Decision-
making and communication skills are enhanced through
constructive simulation; wherein real individuals inter-
act with a simulation system involving simulated people
and simulated equipment. Finally, operational skills are
improved through live simulation, wherein real individu-
als use virtual or dummy equipment in real-world set-
tings [43].

2. Agent-supported simulation uses intelligent agents to
enhance simulations by providing cognitive assistance in
problem specification and solving. These agents improve
simulation infrastructures by offering computer assis-
tance for interface functions, ensuring consistency and
reliability, as well as adding cognitive abilities such as
learning and understanding [54].

3. Agent-monitored simulation uses agent technologies to
monitor and generate model behavior. Intelligent agents
can act as simulation coordinators, making run-time
decisions for dynamic model composition and adapta-
tion. Their perceptive and deliberative capabilities make
them essential for complex experiments, knowledge pro-
cessing, and enhancing the composability and interoper-
ability of simulation models and software systems [54].

These concepts, originally defined for agent-directed
simulation, are also applicable to holon-directed simu-
lation, given the shared autonomous, goal-oriented, and
reactive characteristics of agents and holons. Moreover,
both simulation paradigms have been extensively cata-
logued in the M&S literature, providing guidance on meth-
odologies, implementation considerations, and federated
environments [45]. The intellectual foundations of ADS
are rooted in several seminal works [38, 41, 64].

Agents, in this context, are autonomous, goal-oriented
entities capable of perception, reasoning, and action. Their
behaviors and interactions can lead to complex patterns
at the system level. For example, Schelling [55] demon-
strated how simple individual preferences can give rise to
large-scale patterns of social segregation in the absence
of centralized control. These realizations led to one of the
earliest agent-based models, a modeling paradigm that
continues to evolve through multiple research communities
such as Agent-Based Models [1]. Similarly, Epstein and
Axtell [15] showed in their artificial societies how local
interactions among agents can generate complex societal
dynamics. These works illustrate how agents, through
decentralized interactions, can give rise to emergent pat-
terns — insights that provide important background for
understanding the behavior and design of agents in ADS,
and, subsequently, of holons in holon-directed simulation.

Subsequently, agents are central to ADS, particularly
in modeling complex adaptive systems where individual
behaviors and interactions give rise to system-level phe-
nomena. Drawing on this, the concept of holons adds a
new dimension. Building on the distinction introduced in
Sect. 2, holons extend traditional notions of agent-based
approach notions by introducing hierarchical and recursive
organizational constraints that enable multi-level coordi-
nation and control.

This leads to the notion of holonic agents — agents
endowed with a holonic structure. These agents retain the
autonomy of traditional agents but also exhibit organiza-
tional awareness and the ability to coordinate across mul-
tiple levels [39]. Such capabilities make them especially
well-suited for simulating complex, distributed, and hier-
archical systems, including manufacturing networks, mili-
tary command structures, and biological systems.
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Oren [39, 40] posits that holonic-agent simulation repre-
sents a natural evolution of agent-based simulation, offering
enhanced scalability, modularity, and resilience. Extending
this trajectory, we introduce the concept of holon-directed
simulation—a novel approach in which holons, as autono-
mous and cooperative entities, not only participate in simu-
lations but also dynamically direct the simulation process
in response to evolving objectives and environmental con-
ditions. This marks the first formal use of the term holon-
directed simulation, signifying a significant step forward in
the evolution of holonic modeling and simulation paradigms.

3.1 Types of Holon-Directed Simulation

Based on various work on agent-directed simulation and
given that holons are a special class of agents, we can infer a
categorization for holon-directed simulation types from clas-
sification of agent-directed simulation approaches. Hence,
we have holon simulation (or holon-based simulation),
holon-supported simulation, and holon-monitored simula-
tion. Holon-directed simulation can further be categorized
into several types, depending on the level of autonomy and
the decision-making capabilities of the holons within the
system:

e Passive Holon-Directed Simulation: Holons act primarily
as data sources and do not directly alter the simulation
process. They provide insights and feedback but do not
make autonomous decisions about simulation execution
[11].

e Reactive Holon-Directed Simulation: Holons respond to
changes in the simulation in real time, adjusting param-
eters dynamically based on environmental conditions or
new data inputs [23, 27].

e Adaptive Holon-Directed Simulation: Holons not only
react to changes but learn from past simulations to opti-
mize decision-making and resource allocation over time
[48].

e Proactive Holon-Directed Simulation: Holons actively
modify simulation rules, introduce new objectives, and
collaborate across different federated systems to influ-
ence long-term outcomes [23].

3.2 Implementation Considerations

Implementing holon-directed simulation [45] requires
advanced algorithms that enable holons to:

e Analyze real-time simulation data and adapt their roles
dynamically.

¢ Coordinate with other holons to achieve global system
optimization.

@ Springer

e Integrate federated interoperability to operate across
distributed environments (e.g., smart manufacturing,
autonomous logistics, and resilient supply chains).

For example, in a manufacturing simulation, holon-
directed systems can autonomously reallocate resources,
adjust workflows, and optimize scheduling based on real-
time feedback from digital twins. This results in enhanced
efficiency, reduced downtime, and improved adaptability.

3.3 Challenges

Despite its potential, holon-directed simulation presents sev-
eral challenges:

e Computational complexity: Managing autonomous hol-
ons in real-time simulations requires significant process-
ing power and efficient algorithms.

e Standardization: Establishing universal protocols for
holon-directed systems is essential for cross-domain
applications.

e Integration with Al and Digital Twins: Future research
must explore how machine learning and digital twin tech-
nologies can enhance the decision-making capabilities of
holons within simulations.

By integrating holon-directed simulation into various
domains, we can develop self-adaptive, federated, and resil-
ient systems that revolutionize industries such as manufac-
turing, healthcare, and transportation.

4 Proposed Dimensions of Holonic Systems

We propose several new dimensions of holonic systems that
address certain limitations of current autonomous and adap-
tive systems discussed in Sect. 2.4, and introduce a struc-
tured conceptual framework for more intelligent, ethical,
and human-centric systems. While holons are not necessar-
ily fully autonomous, they possess local decision-making
capabilities whose degree of autonomy may vary depending
on hierarchical constraints, coordination mechanisms, and
system objectives. By leveraging the organization proper-
ties of holonic systems, the proposed dimensions in the
subsequent Sects. 4.1, 4.2, 4.3, 4.4 and 4.5—ethical holons,
effective holons, understanding holons, unbiased holons, and
vigilant holons — provide a structured conceptual framework
for mitigating certain shortcomings of existing autonomous
systems. Autonomous systems adopting these dimensions
are thus ultimately framed and realized as holonic systems,
in which holons encapsulate and coordinate the proposed
capabilities.
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4.1 Ethical Holons

Autonomous systems often operate in situations that
require moral or legal decision-making, and without guid-
ance, they may act in a manner that is harmful, unfair, or
socially unacceptable [22, 63]. Within holonic systems,
we propose introducing ethical holons as a new dimension
capable of addressing this problem by operating within
a framework of ethical guidelines. They can distinguish
right from wrong and cooperate with other holons to
achieve ethical outcomes, rather than forming opportun-
istic or self-interested coalitions and acting unethically
while trying to respond to a request.

4.1.1 Implementation Methodology and Examples

Ethical holons can be implemented through a combination
of ontology-based ethical representations, normative rule
systems, and constraint-based decision-making mecha-
nisms. Ethical principles such as safety, legality, respon-
sibility, and harm minimization can be formally encoded
using ethical ontologies and semantic models, allowing
ethical constraints to be explicitly evaluated alongside
operational objectives. Ontology-based requirements
engineering has been demonstrated as a method to capture
ethical requirements and translate them into system design
artifacts that guide behavior in autonomous systems, sup-
porting structured ethical decision-making during devel-
opment and runtime operations [19].

By embedding ethical guidelines through such mecha-
nisms, ethical holons can operationalize moral reasoning
directly within holonic decision processes, enabling their
application in safety—critical and value-critical domains
such as:

e Autonomous Vehicles: they can prioritize pedestrian
safety, legal compliance, and harm minimization over
efficiency-based objectives such as minimizing travel
time. Similar normative and ontology-based approaches
have been studied to regulate ethical decision-making
in autonomous agents and vehicles.

e Healthcare Systems: they can guide resource allocation
decisions based on ethical priorities such as urgency
and fairness, particularly in constrained environments
such as pandemics.

4.1.2 Challenges

The main implementation challenges lie in:

e Defining Ethical Guidelines: one of the main challenges
in implementing ethical holons is defining the ethical
guidelines they should follow. These guidelines must
be comprehensive and adaptable to different contexts.

e Balancing Ethics and Efficiency: ethical holons must bal-
ance ethical considerations with the need for efficiency.
This requires sophisticated decision-making algorithms
that can weigh different factors and make optimal deci-
sions [22, 63].

4.2 Effective Holons vs. Efficient Holons

Many autonomous systems focus solely on efficiency,
achieving goals rapidly but potentially overlooking long-
term impacts or broader societal benefits [28]. Within hol-
onic systems, we propose incorporating effective holons as
a new dimension capable of addressing this limitation by
achieving objectives in a manner that is not only efficient but
also effective, considering broader consequences, sustain-
ability, and long-term outcomes. In contrast, efficient holons
focus solely on achieving their goals with minimal resource
usage, without accounting for wider or long-term effects.

4.2.1 Implementation Methodology and Examples

Effective holons extend efficiency-oriented optimization by
integrating multi-criteria decision-making, long-term util-
ity modeling, and sustainability-aware evaluation metrics.
Unlike efficient holons, which optimize short-term resource
usage, effective holons can employ decision models that
consider broader consequences, including environmental
impact, social responsibility, and long-term system perfor-
mance. Techniques such as weighted utility functions, goal
hierarchies, or policy-based optimization can be used to bal-
ance short-term efficiency against long-term effectiveness
[59].

Through the use of multi-criteria decision-making mod-
els, long-term utility evaluation, and sustainability-aware
performance metrics, effective holons extend beyond short-
term efficiency optimization, enabling their application in
domains such as:

e Autonomous Vehicles: they can prioritize pedestrian
safety, legal compliance, and harm minimization over
efficiency-based objectives such as minimizing travel
time. Similar normative and ontology-based approaches
have been studied to regulate ethical decision-making in
autonomous agents and vehicles.

e Healthcare Systems: they can guide resource allocation
decisions based on ethical priorities such as urgency and
fairness, particularly in constrained environments such
as pandemics.
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4.2.2 Challenges
The main implementation challenges lie in:

e Measuring Effectiveness: measuring effectiveness can be
challenging, as it involves considering long-term impacts
and broader societal benefits. This requires the develop-
ment of new metrics and evaluation methods. Regression
models that result in scores depending on the issue and
the metric; could also be a majority vote model. The pre-
vious two could even include rule-based criteria depend-
ing on the situation or domain.

e Balancing Short-Term and Long-Term Goals: effective
holons must balance short-term efficiency with long-term
effectiveness. This requires sophisticated planning and
decision-making capabilities.

4.3 Understanding Holons

Autonomous systems operating in complex environments
often struggle to interpret context, integrate heterogeneous
information, and reason about situations in a meaningful
way, which limits their ability to make informed decisions
[31, 37]. Inspired by Oren et al.’s work [46], we propose
introducing understanding holons as a new dimension that
allows holons to comprehend complex situations through
structured knowledge representation, such as ontology-based
dictionaries of understanding, enabling informed and con-
text-aware decision-making.

4.3.1 Implementation Methodology and Examples

Understanding holons can be implemented using ontology-
based knowledge representation, semantic reasoning, and
context-aware data fusion. Domain ontologies provide
structured representations of entities, relationships, and pro-
cesses, enabling holons to interpret heterogeneous data con-
sistently. Semantic reasoning mechanisms allow inference of
higher-level situational knowledge from incomplete or noisy
inputs. These holons may also incorporate machine learn-
ing models to enrich symbolic representations with learned
patterns [62].

By leveraging ontology-based knowledge representa-
tion, semantic reasoning, and context-aware data integra-
tion, understanding holons can transform heterogeneous
and dynamic data into meaningful situational knowledge,
supporting informed decision-making in domains such as:

e Healthcare: they could analyze patient data and rec-

ommend personalized treatment plans based on a deep
understanding of medical ontologies. For example, an
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understanding holon could identify patterns in patient
data that indicate a high risk of a particular disease and
recommend preventive measures.

e Disaster Response: they could analyze data from vari-
ous sources, such as weather reports and social media, to
provide real-time situational awareness and recommend
appropriate actions.

4.3.2 Challenges
The main implementation challenges lie in:

e Developing Ontologies: developing comprehensive and
accurate ontologies is a significant challenge. These
ontologies must be able to represent complex knowledge
domains and be adaptable to new information.

e Processing Large Volumes of Data: understanding hol-
ons must be able to process large volumes of data in
real-time. This requires advanced data processing and
machine learning capabilities.

4.4 Unbiased Holons

Decision-making processes in autonomous systems may
unintentionally embed cognitive or data-driven biases,
leading to unfair or discriminatory outcomes, especially in
socially sensitive domains [22, 63]. Within holonic systems,
we propose incorporating unbiased holons as a new dimen-
sion aimed at minimizing such biases by enabling holons
to identify, reason about, and mitigate cognitive biases,
for instance through ontology-based representations of
known bias patterns. Holons lacking this dimension may
unknowingly propagate biased decisions despite operating
efficiently.

4.4.1 Implementation Methodology and Examples

Unbiased holons can be implemented through bias-aware
knowledge models, fairness constraints, and monitoring
mechanisms that identify and mitigate cognitive or data-
driven biases. Ontologies of known bias patterns can be used
to explicitly represent sources of bias, while fairness-aware
decision models and post-decision auditing mechanisms
help detect and correct biased outcomes. These mechanisms
can be integrated into holonic decision loops to ensure con-
tinuous bias assessment [47].

By incorporating bias-aware knowledge models, fairness
constraints, and continuous monitoring mechanisms into
holonic decision processes, unbiased holons enable fairer
and more transparent decision-making in socially sensitive
applications such as:
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e Financial Systems: they could ensure fair and transpar-
ent decision-making, reducing the risk of discriminatory
practices. For example, an unbiased holon could analyze
loan applications without being influenced by biases
related to the applicant's gender, race, or socioeconomic
status.

e Hiring Processes: they could ensure that candidates are
evaluated based on their qualifications and skills, rather
than being influenced by biases related to their back-
ground or appearance.

4.4.2 Challenges
The main implementation challenges lie in:

e Identifying Biases: identifying and understanding cog-
nitive biases is a complex task. This requires extensive
research and the development of comprehensive bias
ontologies.

e Mitigating Biases: mitigating biases in real-time deci-
sion-making processes is challenging. This requires
sophisticated algorithms that can detect and correct
biases as they occur. Similar research has been done on
identifications, with one example being defects and faults
in systems. Hence, similar models and techniques could
be used here.

4.5 Vigilant Holons and Holons with Awareness

As systems increasingly operate as part of larger collec-
tives, a lack of shared awareness can limit cooperation and
reduce overall system performance [14, 31]. Within holonic
systems, we propose introducing vigilant holons as a new
dimension that emphasizes shared situational, task-related,
and social awareness across holons, facilitating coordination
and collective decision-making. Without this dimension,
holons may remain locally informed but globally misaligned,
reducing the effectiveness of the holonic system as a whole.

4.5.1 Implementation Methodology and Examples

Vigilant holons emphasize situational awareness, shared
context modeling, and coordination mechanisms across hol-
ons. They are implemented using distributed sensing, real-
time data aggregation, and awareness models that represent
system-wide states, goals, and social contexts. Communica-
tion protocols and coordination frameworks enable vigilant
holons to disseminate relevant awareness information across
hierarchical levels [31].

Through distributed sensing, shared situational aware-
ness models, and coordination mechanisms across hierar-
chical levels, vigilant holons support collective awareness

and alignment, enabling effective coordination in large-scale
domains such as:

¢ Disaster Response: they could monitor environmental
conditions and coordinate rescue efforts in real-time. For
example, a vigilant holon could detect a natural disaster,
such as an earthquake, and coordinate the deployment of
emergency services to affected areas.

e Smart Cities: they could monitor traffic conditions,
energy usage, and public safety. For example, a vigilant
holon could detect a traffic accident and reroute traffic to
prevent congestion and ensure that emergency services
can reach the scene quickly.

4.5.2 Challenges
The main implementation challenges lie in:

e Developing Awareness Capabilities: developing the vari-
ous types of awareness required for vigilant holons is a
complex task. This requires advanced sensing, data pro-
cessing, and machine learning capabilities.

¢ Ensuring Collaboration: ensuring effective collaboration
between vigilant holons and other entities is challenging.
This requires the development of standardized commu-
nication protocols and collaboration frameworks.

4.6 Holonic Dimensions Relationships

To emphasize the recursive and interconnected nature of hol-
ons, and their distinction from standalone agents, we extend
the previous mapping to show how holons relate to each
other. Each holon contributes specialized capabilities while
maintaining local autonomy.

For instance:

e Ethical and unbiased holons provide complementary
checks on decisions to ensure fairness, safety, and com-
pliance. They feed their evaluations to effective holons,
which balance operational efficiency with long-term
objectives.

e Understanding holons interpret heterogeneous data and
contextual cues, supporting both effective and unbiased
holons by providing situational knowledge that informs
fair and efficient decision-making.

e Vigilant holons operate across all layers, monitoring
outputs of subordinate holons and system-wide states,
ensuring that local decisions are globally aligned.

This recursive interaction allows holons to retain their
local autonomy while functioning as parts of larger, goal-
aligned holarchies, thereby operationalizing both their spe-
cialized and collective capabilities. Table 1 illustrates these
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Table 1 Mapping of proposed holonic dimensions to sub-objectives, interaction roles, and recursive relations within the holonic hierarchy

Notes on interaction and recursive relation

Issue ETH EFH USH UBH VIH
Norm compliance in local decisions v X [)) [)) X
Ethical conflict resolution v © v © ©
Long-term outcome evaluation © v x ()]
Contextual interpretation x X v ) X
Contextual alignment across holons X X [ )] X v
Bias detection in local decisions X X © v X
Systemic bias monitoring x X X v
Decision transparency & traceability © © v v ©
Conflict detection between holons X x X X v
Global situational awareness x X © X v
Runtime misalignment detection X X X X v

Ethical holons enforce norms at the leaf-holon level; they may be nested
within higher-level holons that aggregate ethical constraints across
subsystems

Conflicts are resolved locally by ethical holons, with vigilant holons
escalating unresolved conflicts to a superholon when multiple sub-
holons are involved

Effective holons evaluate long-term impact locally; aggregated evalua-
tions may inform higher-level planning holons

Understanding holons operate at multiple hierarchical levels, each inter-
preting context relevant to its scope

Vigilant holons reconcile context interpretations across sibling holons,
enabling coherent behavior at the superholon level

Unbiased holons monitor and correct bias locally; results are encapsu-
lated and reported upward if systemic patterns emerge

Vigilant holons observe aggregate outcomes across holons to detect
emergent or structural bias at higher hierarchy levels

Transparency artifacts produced by local holons are composed recur-
sively to support explainability at higher abstraction levels

Vigilant holons act as supervisory holons that detect inter-holon con-
flicts and trigger coordination or re-orchestration

Vigilant holons synthesize partial awareness from multiple understand-
ing holons into a system-level view

Misalignment between goals, norms, or outcomes is detected by vigilant
holons and propagated upward to superholons for resolution

v indicates the holon has primary responsibility for the sub-objective, © indicates a supporting or enabling role, and X indicates no direct
responsibility. ETH indicates ethical holon, EFH indicates effective holon, USH indicates understanding holon, UBH indicates unbiased holon,

and VIH indicates vigilant holon

relationships, showing tackled issues, overlaps, and depend-
encies among holons.

Moreover, due to the fact that the effectiveness of these
dimensions depends on coordinated operation, an orchestra-
tor is needed to manage them. Given the nature of holons,
as described in Sect. 2.1, collaboration must occur within
a hierarchy, with a superholon leveraging holons of these
dimensions to resolve requests and achieve objectives in a
cohesive and seamless manner [39, 40]. Furthermore, since
a holonic system interacts with external stimuli from het-
erogeneous environment, coordination mechanisms must
be capable of handling runtime variability and uncertainty
[37]. To address this need, the following section introduces
the federated interoperability holon, designed to orchestrate
collaboration, synchronization, and adaptation across holons
in complex and evolving environments [9].

5 Federated Interoperability in Holonic
Systems

In complex, distributed environments composed of het-

erogeneous and autonomous components, interoperabil-
ity is not merely a desirable feature but a fundamental
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requirement. As defined in Sect. 2.1, holonic systems,
by definition, are composed of semi-autonomous entities
(holons) that must operate both independently and coop-
eratively to achieve global system objectives. These holons
are often developed by different stakeholders, deployed in
different domains (e.g., logistics, healthcare, manufactur-
ing), and governed by distinct data models, communica-
tion protocols, and ontologies. Without interoperability,
holons become isolated entities, unable to share infor-
mation, coordinate behaviors, or align goals — ultimately
undermining the emergent intelligence and adaptability
that holonic systems aim to provide.

The need for interoperability becomes even more pro-
nounced in large-scale systems such as smart cities or
cross-organizational supply chains, where no central author-
ity controls all participating subsystems. In such contexts,
interoperability must be achieved in a federated manner,
meaning that independent systems maintain their autonomy
while being able to interoperate seamlessly through shared
standards, dynamic ontology alignment, and adaptable com-
munication protocols. This federated approach allows for
scalable, extensible, and resilient architectures, where hol-
ons can be added, removed, or modified without disrupting
the overall system integrity. The objective is to establish



Human-Centric Intelligent Systems

an interoperability-aware holon that satisfies the federated
approach conditions and can oversee the other holons.

Achieving such federated interoperability is essential for
enabling real-time decision-making, dynamic reconfigura-
tion, and holistic optimization. It supports key holonic capa-
bilities such as understanding, vigilance, and ethical reason-
ing by ensuring that relevant contextual data and intentions
can be communicated and interpreted across heterogene-
ous domains. Thus, federated interoperability is not only a
technical enabler — it is a strategic foundation for realizing
the vision of intelligent, adaptive, and trustworthy holonic
systems.

5.1 Interoperability

Interoperability refers to the ability of multiple organizations
or systems to interact and communicate. Its proper imple-
mentation needs to take into consideration multiple aspects
such as barriers, concerns, and the approach to be used [7].
As shown in Fig. 2, barriers are incompatibilities obstructing
communication or service use and are categorized as [58]:

e Conceptual: these involve semantic, syntactic, and semi-
otic incompatibilities that may occur during information
exchange.

e Organizational: these arise from disparities between soft-
ware interfaces, communication protocols, or hardware
components.

e Technology: these relate to incompatibilities found
within organizational policies, structural frameworks,
and management practices.

Meanwhile, these interoperability barriers span various
organizational concerns including data, service, process, and
business aspects [58]. Data concerns pertain to the exchange
of data items and formats, while service concerns involve
the ability to request, provide, and utilize service across
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Fig. 2 Interoperability Framework INTEROP [7]

systems and organizations. Process concerns relate to the
exchange of essential entities and information necessary for
operations, and business concerns focus on collaboration in
decision-making, commercial practices, and adherence to
regulatory requirements at different organizational levels.
Identifying these during planning ensures smooth coopera-
tion and the proper implementation of the collaborative solu-
tion. Furthermore, such solutions are categorized into three
approaches [58]:

e Integrated: all collaborating organizations adopt a single
standardized format across their systems.

e Unified: a shared global representation layer, such as a
common meta-model, is established to enable mapping
between different systems.

e Federated: system model transformations between organ-
izations are performed without any standardization or
shared representation layer. It enables autonomous, het-
erogeneous systems or organizations to collaborate and
interoperate without requiring full integration or central-
ized control, while maintaining their internal autonomy
and structure.

5.2 Federated Interoperability

Federated interoperability is especially pertinent in systems-
of-systems or multi-organization environments, where each
participant must retain control over its internal processes
while contributing to a collective operational goal. In such
federated approaches, interoperability is negotiated at runt-
ime — often facilitated by middleware, semantic adapters,
or dedicated interoperability agents — rather than enforced
through complete integration or uniform standardization. In
their recent work, Daou et al. [8] emphasize the critical role
of federated interoperability in enabling Al-driven, simula-
tion-supported collaboration across enterprise models. They
argue that interoperability must be dynamic, context-aware,
and resilient, particularly within evolving digital ecosystems
like smart cities or adaptive supply chains.

In the context of federated interoperability, the term
on-the-fly denotes a system’s ability to perform tasks
dynamically at runtime, as opposed to relying on pre-
defined, static configurations established during design.
For holonic systems, on-the-fly capabilities are essential
for real-time adaptation, contextual integration, and situ-
ational responsiveness. Specifically, on-the-fly interoper-
ability enables holons — autonomous and heterogeneous
components — to establish semantic, functional, and proce-
dural links as needed, without requiring prior agreements
or exhaustive central coordination. This means that when
a new holon joins the system, it can dynamically discover,
interpret, and communicate with other holons. This is
achieved by generating or aligning short-lived ontologies
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— temporary, purpose-driven semantic models created or
adapted at runtime to support interoperability [25] — map-
ping data schemas, and negotiating operational interfaces
during runtime. This concept fosters scalability and agil-
ity, especially in environments with frequent configura-
tion changes such as smart cities, supply chains, or cyber-
physical systems. For instance, when an unexpected event
occurs (e.g., a traffic incident or supply chain disruption),
federated interoperability holons must reconfigure the sys-
tem on the fly by coordinating new behaviors, reallocating
resources, and integrating additional data sources — all
without restarting the system or requiring manual repro-
gramming. Thus, on-the-fly embodies runtime adaptability,
enabling holonic systems to be self-organized, resilient,
and context-aware. It represents a foundational capabil-
ity for achieving federated, real-time interoperability in
distributed intelligent systems.

Federated interoperability is particularly vital for holonic
systems operating in distributed environments. It ensures
that holons can communicate and collaborate across hetero-
geneous systems, organizations, and platforms — an essen-
tial requirement in large-scale systems such as smart cities,
where multiple stakeholders and technologies must work
seamlessly together.

For example, within a smart city or territorial ecosystem,
federated interoperability could allow holons from trans-
portation, energy, and healthcare systems to share data and
coordinate actions, thereby enhancing overall efficiency and
resilience across the territory.

Achieving federated interoperability requires addressing
technical challenges such as data integration, standardiza-
tion, and security. Solutions involve developing standard-
ized communication protocols, ensuring data privacy, and
implementing robust security mechanisms.

Recent research by Daou et al. [8] explores enabling fed-
erated interoperability in enterprise models through artifi-
cial intelligence and simulation. Their work highlights the
importance of integrating Al and simulation techniques to
facilitate seamless interoperability across diverse enterprise
models. By leveraging Al, they propose a framework that
supports dynamic adaptation and real-time decision-making
— crucial capabilities for managing complex and distributed
systems.

The framework proposed by Daou et al. [8] comprises
several key components:

e Al-Driven Interoperability: Utilizing Al algorithms to
facilitate communication and data exchange between het-
erogeneous systems, enabling holons to comprehend and
process information from diverse sources for effective
collaboration.

e Simulation-Based Validation: Employing simulation
techniques to validate the interoperability framework,
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demonstrating how it adapts to changing scenarios and
maintains seamless interoperability.

¢ Dynamic Adaptation: Incorporating mechanisms that
allow the framework to adjust in response to new require-
ments and constraints, a vital feature for sustaining inter-
operability in dynamic and evolving environments.

These findings provide valuable insights into the practi-
cal implementation of federated interoperability within hol-
onic systems. They underscore the necessity of a holistic
approach that combines Al, simulation, and dynamic adapta-
tion to achieve effective interoperability.

Beyond technical considerations, developing standardized
protocols and data formats is fundamental to ensuring com-
patibility and facilitating communication between systems.
Moreover, fostering cooperation among industry, academia,
and government is critical to the successful deployment of
federated interoperability.

By integrating these recent advancements, holonic sys-
tems can attain a higher degree of interoperability, enabling
more efficient and effective operation in distributed environ-
ments. This capability is particularly crucial for applications
in smart cities, where diverse systems and stakeholders must
collaborate to achieve shared objectives.

5.3 Federated Interoperability Holons: Connecting
the Holons Together

In highly dynamic environments where heterogeneous
holons operate and interact in real time, maintaining full
semantic interoperability can be a complex and computa-
tionally expensive task. Integrated and unified interoper-
ability approaches require either a single common model or
a shared representation layer, which imposes strong global
constraints on all participating entities and limits their abil-
ity to evolve independently [52]. Such constraints are par-
ticularly problematic in holonic systems, where holons are
characterized by local autonomy, internal heterogeneity, and
recursive organization across multiple levels.

By contrast, federated interoperability does not require a
single shared meta-level model or a fixed standard applied
across all participants. Instead, it enables runtime mediation
and contextual semantic alignment between heterogeneous
systems, allowing each holon to preserve its internal repre-
sentations, decision logic, and operational scope while still
achieving effective coordination [52]. This approach respects
the principle of holonic autonomy and supports coopera-
tion across hierarchical levels and organizational bounda-
ries without requiring every participating entity to adopt the
same fixed structure. Research in multi-agent and autono-
mous system domains has previously highlighted the impor-
tance of semantic interoperability — ensuring that meaning
is consistently interpreted across heterogeneous components
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— for coordinated behavior and collective decision-making
[51].

Furthermore, since holons may dynamically assume dif-
ferent roles depending on context and may interact with
external systems governed by distinct domain logics and
vocabularies, federated interoperability provides the flex-
ibility needed to manage changing situations without requir-
ing global reconfiguration or centralized control. Therefore,
based on these constraints and the principles of federated
interoperability, we propose the Federated Interoperability
Holon (FIH). Setting up FIH ensures that the various types
of holons, defined in Sect. 4, can seamlessly communicate
and collaborate within a larger system. These holons can act
as the connectors that dynamically bind the holonic system
together, enabling the exchange of information, coordination
of actions, and alignment of goals across different subsys-
tems and domains.

This federated interoperability holon coordinates all the
other holons into working as a whole to satisfy a proposed
objective. The efficient and effective holons can be joined
in the form of multiple components in terms of either vali-
dation layers or used in the form of subsystems to balance
cost and performance. However, given that their objective
does not extend further, it needs a guide on when to act to be
synchronized with the rest of the subholons present within
the FIH. Hence, a hierarchical nature presents itself within
the system.

This system, which is mostly oriented toward collabora-
tions or even generic systems in enterprises, needs access
to data, services, and processes found within organizations.
Hence, to facilitate communication, increase accuracy and
lower resource usage when engaging in search and retrieval,
unbiased holons are needed. These holons can either check
for a bias rate in writing or storage components, or even
be themselves storage for a form of dictionary that is used
to facilitate searches or information retrieval and dispatch
while not losing accuracy due to bias.

The superholon also requires that some of its components
be monitored to make sure that their resulting outputs are
ethical and do not go against certain rules and morales. It
could be a validation layer that checks for these character-
istics (safety, morality...) in certain workflows as defined
by the system or even components that are used to secure
certain sent information such that no sensitive information
is leaked.

All these special types of subholons as well as other sup-
porting or artificial intelligence based holons need to be
monitored by autonomous holons capable of rationaliza-
tion and decision making. Hence, orchestrators are needed,
and these can also be called vigilant holons given their
definitions.

Additionally, FIH also needs to facilitate communication
between heterogeneous holons and collaborating elements.

In dynamic, distributed, and rapidly evolving environments,
particularly within holonic architectures, short-lived ontolo-
gies offer a lightweight and adaptable approach to semantic
interoperability. Unlike comprehensive domain ontologies
that aim for completeness and long-term stability, short-lived
ontologies are designed for specific, often time-bounded
interactions — such as a task phase, simulation episode, or
service exchange. They are created, used, and discarded or
updated as necessary, enabling systems to maintain semantic
coherence without the overhead of maintaining large-scale
ontology repositories [25]. This is especially relevant for
federated holonic systems, where autonomous components
— each with domain-specific logic — must interact on the
fly. Short-lived ontologies act as temporary semantic con-
tracts, enabling different types of holons (ethical, vigilant,
understanding, etc.) to share situational understanding, align
goals, and resolve semantic mismatches in real time, as dis-
cussed in ontology versioning approaches for the Semantic
Web. These approaches explicitly manage ontology evo-
lution by tracking changes across version, supporting the
coexistence of multiple ontology states, and defining map-
pings or transformation rules between successive versions
to preserve semantic interoperability [25]. The ontologies
are instantiated at runtime, used for local decision-making
or negotiation, and discarded or updated when no longer
relevant [65]. Short-lived ontologies are ideal for Federated
Interoperability Holons, which must operate in real-time and
adapt to evolving system states. For instance, in smart cities
or healthcare systems, holons can use temporary ontologies
to interpret environmental conditions, negotiate emergency
priorities, and exchange task-specific knowledge with new or
unknown partners. This dynamic capability is supported by
ontology matching and runtime semantic translation, which
allows systems to function even when complete semantic
alignment is not feasible beforehand.

5.3.1 Key Functions of Federated Interoperability Holons

Federated interoperability holons are pivotal in enabling
semantic and functional coordination between holons oper-
ating across diverse platforms. One of their fundamental
responsibilities is communication facilitation. By serving
as translators or brokers, they abstract differences in syntax,
schema, and ontology with standardized protocols and light-
weight ontology alignment mechanisms [10]. This ensures
robust and scalable data exchange even in heterogeneous
environments.

These holons also enable goal alignment in systems where
multiple autonomous agents may operate with partially over-
lapping or even conflicting objectives. Federated interoper-
ability holons mediate these differences through adaptive
coordination mechanisms that promote convergence toward
shared system goals. For example, ethical holons focused
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on safety may need to be coordinated with effective holons
prioritizing efficiency — necessitating higher-level negotia-
tion orchestrated by the interoperability holon.

Data integration is another essential function. Federated
interoperability holons aggregate real-time, historical, and
external datasets, ensuring that each holon involved in deci-
sion-making has timely access to accurate information. This
capability is consistent with data integration strategies seen
in semantic sensor networks and distributed digital twins
[29].

Conflict resolution is supported by predefined rules or
Al-enhanced adaptive strategies, where federated interoper-
ability holons arbitrate among holons based on contextual
constraints and prioritization schemes. Finally, dynamic
adaptation is enabled through real-time monitoring and
flexible reconfiguration of holonic roles, services, and
workflows — an essential feature in dynamic systems such
as cyber-physical infrastructures or autonomous logistics
[30, 32].

5.3.2 Implementation, Contexts and Illustrative Examples

The value of federated interoperability holons can be illus-
trated through the deployment of interoperability platforms
in smart environments. In smart cities, such systems can
enable coordination among transportation, energy, and
healthcare domains. Given the current rigid state of these
platforms, their transition to federated interoperability hol-
ons would bring about more autonomous and flexible behav-
ior. During an emergency, for instance, and in the case that
FIH are properly developed, they can ensure that transporta-
tion platforms prioritize emergency vehicles — aligned with
ethical holons — energy systems redirect power to critical
infrastructure — aligned with effective holons — and health-
care systems prepare based on incoming demand forecasts
— aligned with understanding holons.

In global supply chains, federated interoperability hol-
ons can facilitate seamless data and decision flows among
geographically and functionally distributed stakeholders.
For example, when facing disruptions due to geopolitical
or climatic events, these holons can enable rerouting by
soliciting vigilant holons, while maintaining ethical labor
practices across vendors through ethical holons — consist-
ent with the dynamic coordination proposed in federated
simulation models [66].

Given the expected benefits brought by the FIH, there
needs to be robust underlying systems supporting this con-
cept. A potential FIH architecture is comprised of 6 main
components:

e Orchestrator: This component manages the underly-

ing elements of the system and possesses autonomous
decision-making capabilities. These capabilities enable
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the orchestrator to fulfill the principles of federated inter-
operability, which require operations to be carried out
automatically without prior knowledge of the interact-
ing systems. Consequently, the component can efficiently
utilize the tools and elements at its disposal to produce
satisfactory results. Furthermore, since the FIH is a holon
within a holonic system, the orchestrator acts as a super-
holon relative to the underlying elements of the FIH. To
fully leverage its characteristics, an appropriate underly-
ing system is required — such as a large language model
[6, 24], one of the most recent and successful types of Al
models. LLMs possess the ability to make rational deci-
sions based on given inputs and to employ available tools
to deliver satisfactory outcomes. Therefore, it stands to
reason that this component would take the form of an
LLM.

e Integrator: This component discovers and adds the meta-
data of any new component, tool, holon or collaborating
element — service, database, process — as a node to a
graph, Element Capability Graph (ECG), that contains
all possible links between existing aforementioned ele-
ments based on various constraints such as input/output
specifications and functionalities. This graph is used to
keep a record of elements involved in the system and to
facilitate workflow generation.

e Translator: This component manages translation between
various inputs and outputs on a semantic and syntactic
level. At the implementation level, this component could
also take the form of an LLM. However, while its reason-
ing ability makes it a strong candidate for serving as the
orchestrator’s underlying system, it is the LLM’s capacity
to perform translations effectively and adapt to new types
of inputs and outputs as situations evolve that makes it
well-suited to power the translator [6, 24].

e Element Finder: This component searches the ECG of
the system and finds the corresponding element based
on a request from one of the users or associated systems
of the FIH.

e Workflow Generator: This component creates a blueprint
of a workflow that links the requestor — user or associated
system — with intermediate tools and the receiver based
on the request.

e Workflow Executor: This component links the elements
identified by the Workflow Generator and executes the
workflow.

These components ensure the proper execution of FIH
characteristics and benefits given their underlying holonic,
flexible, and automated nature. However, depending on
the degree of autonomy that stakeholders and developers
want their system to exhibit, the last two components — the
workflow generator and the workflow executor — may be
excluded. In that case, FIH cannot influence the connectivity
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between holons and tools and is limited to controlling the
system’s execution.

5.3.3 Technical and Organizational Challenges

Despite their potential, several challenges hinder the full
deployment of federated interoperability holons. Standardi-
zation remains a major obstacle. Developing communica-
tion protocols, data schemas, and ontologies that are broadly
applicable and accepted across industries is a non-trivial
task requiring interdisciplinary consensus and governance
structures [10].

The issue of scalability also arises, particularly as the
number of holons and their interactions increases. Without
careful architectural planning, the semantic reasoning and
coordination load may result in unacceptable latencies or
resource bottlenecks [13].

Moreover, security and privacy are critical concerns. As
federated interoperability holons often mediate sensitive
exchanges (e.g., patient records or logistics contracts), they
must implement robust cryptographic, access control, and
auditing mechanisms to prevent breaches and ensure compli-
ance with data protection regulations.

Addressing these multifaceted challenges necessitates an
integrative exploration of advanced technological directions.
The integration of Al-based conflict anticipation and deci-
sion optimization could enhance the autonomy and resil-
ience of federated interoperability holons. For example, hol-
onic energy management systems where each holon includes
a prediction agent allow for anticipating shifts in demand
and supply, potentially preempting service degradation [57].
Likewise, blockchain technologies offer a complementary
avenue for ensuring data integrity and accountability. The
immutable recording of holon transactions can underpin
trust, transparency, and traceability within decentralized
and multi-stakeholder ecosystems [50].

Finally, sustained cross-domain collaboration is essential
to define shared ontological patterns, interoperability pro-
tocols, and reference implementations. The formalization
of such collaborative standards is instrumental in enabling
holonic architectures to interoperate seamlessly across het-
erogeneous domains — including healthcare, energy, and
smart manufacturing — thus advancing both the theoretical
and practical maturity of holonic interoperability.

5.4 Architectural Positioning and Interoperability
Scope

Our proposed Federated Interoperability Holon is explic-
itly aligned with established interoperability barriers and
concerns as defined in interoperability frameworks such as
INTEROP [7]. In particular, this work primarily addresses

conceptual and organizational interoperability barriers,
while enabling — but not directly enforcing — technical
interoperability.

At the conceptual level, holonic systems are charac-
terized by semantic heterogeneity, as holons may rely on
distinct ontologies, vocabularies, and domain assumptions.
This work addresses semantic and syntactic mismatches
through runtime mediation mechanisms supported by
short-lived ontologies and dynamic semantic alignment.
Rather than imposing a global shared ontology, the FIH
enables contextual interpretation and meaning negotiation
on demand, thereby reducing the rigidity and computa-
tional overhead typically associated with integrated or
unified interoperability approaches.

At the organizational level, holons may be governed by
different objectives, policies, and operational constraints,
particularly in cross-domain or multi-stakeholder environ-
ments. The FIH supports organizational interoperability by
coordinating goals, synchronizing actions, and mediating
conflicts between holons with partially aligned or compet-
ing objectives. This coordination occurs without central-
ized control over internal holon logic, preserving local
autonomy while enabling coherent system-wise behavior.

While technical interoperability — including commu-
nication protocols, data formats, and middleware — is a
prerequisite for any interoperable system, it is treated in
our work as an enabling layer rather than a core contribu-
tion. Our proposed architecture assumes the availability of
suitable technical interfaces and focuses instead on higher-
level semantic and organizational alignment, which remain
major challenges in large-scale holonic and system-of-sys-
tems environments [12, 52].

In terms of interoperability concerns, the proposed
approach primarily target:

e Data and service concerns: it enables semantic media-
tion and adaptive service discovery across heterogene-
ous holons.

e Process concerns: it supports dynamic workflow gen-
eration, orchestration, and reconfiguration at runtime.

e Business and decision concerns: it enables coordinated
decision-making that respects ethical, unbiased, and
contextual constraints across organizational bounda-
ries.

By positioning federated interoperability as a system-
level capability, our work clarifies that the FIH does not
replace individual holons or enforce uniform behavior.
Instead, it acts as a supra-holonic coordination mechanism
that addresses interoperability barriers where they most
critically impact holonic systems: at the intersection of
semantics, organization, and dynamic adaptation.
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6 Federated Interoperability for Rural
Mobility Case Study

To demonstrate the practical application of the proposed
framework, we present a detailed case study on federated
interoperability in rural mobility. In this scenario, a hol-
onic system architecture is proposed to improve transpor-
tation accessibility and efficiency in sparsely populated
areas, where traditional public transport solutions are often
inadequate.

6.1 Case Study Overview

Rural mobility remains a significant challenge due to lim-
ited infrastructure, low population density, and the high
cost of maintaining regular public transport services.
Traditional centralized mobility solutions fail to adapt to
the dynamic and dispersed nature of rural transportation
needs. Holonic systems offer a promising approach by ena-
bling decentralized, adaptive, and interoperable solutions
that leverage multiple mobility services and stakeholders.
Other than synchronizing various modes of transport, this
platform allows the localization of rural transit deserts,
i.e. locations without means of transport in rural areas,
especially public transportation. This is due to the fact that
people living in those regions are more likely to rely on
private transportation such as cars and bikes.

6.2 Case Study Functionalities

The case study involves the proposition of a holonic sys-
tem architecture with the following functionalities:

e Data Collection: the architecture proposes a collection
of real-time and historical data on rural mobility pat-
terns, including travel demands, vehicle availability,
and environmental conditions, through IoT devices,
GPS tracking, and user input.

e Holonic System: the architecture follows holarchy
principles with the previously proposed dimensions in
Sects. 4 and 5 to optimize rural mobility while promot-
ing their detailed benefits to rural mobility.

e Real-Time Coordination: the architecture supports
interoperability among different heterogeneous mobil-
ity service providers to ensure seamless travel experi-
ences for users.

e Rural Mobility Desert Discovery: through the data col-
lection functionality and the various types of holons
used, the architecture supports the localization of rural
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mobility deserts through gaps in transportation routes
that rely on public transport.

e Optimization and Adaptation: through the data collec-
tion functionality and the various types of holons used,
the architecture proposes to utilize holonic intelligence
to dynamically reallocate transport resources, optimize
routes, decrease rural mobility deserts, and respond to
real-time changes in demand.

¢ Simulation Validation: the architecture supports a holon-
based simulation that represents various transportation
entities as holons, alongside internal system holons,
integrating multiple modes of transport such as shared
mobility services, on-demand buses, and ride-sharing
solutions to support system validation and result evalua-
tion.

6.3 Mapping Holons

To address the challenges of rural mobility, we propose a
holon-based distributed system. This ensures federated inter-
operability, real-time data exchange, and adaptive decision-
making. The system builds directly on the Generic Holonic
System framework introduced in Sects. 4 and 5. Figure 3
presents the proposed holon-based system’s operations
instantiated for the rural mobility scenario. The process
begins with the initialization of the distributed system where
the orchestrator, a role taken by the federated interoperability
holon, sets up the federation and ensures synchronization
among all participating holons — representing transport ser-
vices, users, and infrastructure. At this stage, ethical and
unbiased holons establish the initial transport allocation
policies, embedding fairness and transparency into the sys-
tem from the outset.

During the real-time data exchange and coordination
phase, traveler holons — understanding holons responsible
for the communication between the user and the platform
— submit trip requests based on current needs, as shown in
Fig. 4. Subsequently, transport service holons — unbiased and
effective holons responsible for the analysis of the request
and the current mobility situation — respond with dynamic
routing and pricing strategies. Simultaneously, infrastruc-
ture holons — vigilant holons responsible for monitoring
road conditions, congestion, and weather conditions — con-
tinuously provide updates, ensuring that all decisions are
informed by the latest environmental data. These updates are
transmitted through the communication holon, an unbiased
holon that dynamically manages data exchanges between
the system and the mobility organizations while translat-
ing incoming data. Furthermore, any metadata collected
by these three holons about the collaborating organizations
available services and dataset is stored within the commu-
nication holon in the form of an ECG which helps reduce
the time required to identify which service or database is
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needed from the collaborators. Through the hierarchical
structure of the holonic system, these components remain
connected to the FIH and therefore align with the descrip-
tion provided in Sect. 5. The system then enters a phase of
dynamic adaptation and optimization. Here, effective holons
manage vehicle dispatching and load balancing to maximize
efficiency, while understanding holons apply Al models to
refine transport forecasts. Vigilant holons monitor disrup-
tions such as delays or accidents and adjust mobility plans
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in real time to maintain service continuity. Once the data is
processed, potential routes are identified and optimized, and
both the routes and the system’s operation are validated with
respect to performance and fidelity. The travel holon relays
the information back to the user.

The execution of this holonic system is orchestrated
by the federated interoperability holon that has autono-
mous decision making. It can also restructure workflows,
holons, and tools according to the system’s current needs,
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encountered challenges, and warnings issued by the HLA-
based holon-based simulation component — introduced in
Sect. 6.4 — given its role as the superholon with the high-
est authority. In addition to the optimization of mobility
for various users, this platform would allow companies to
notice transit deserts where almost no mobility options are
present. This second aspect would also allow them to better
understand which areas need mobility improvements due to
the vigilant holons monitoring the global situation as well
as automated reports sent by understanding and effective
holons about various zones that are avoided due to the lack
of transportation options.

6.4 HLA Distributed Holon-Based Simulation
To operationalize, test the platform and provide valida-

tion about the architecture and its behavior, we adopt the
High-Level Architecture (HLA) as the backbone of our

holon-based simulation framework. HLA provides a stand-
ardized infrastructure — known as the Runtime Infrastructure
(RTI) — through which holons, replicated as HLA federates,
can interact dynamically while preserving their autonomy.
This modular design is particularly well-suited to the decen-
tralized nature of rural mobility systems, where multiple
actors and services must coordinate without relying on cen-
tralized control.

As seen in Fig. 5, this corresponds to the simulation
block of the system. It replaces and emulates the calls of the
users and test responses of the platform to different kinds of
requests. The simulation begins with the initialization of the
federation — by creating federate versions of the travel, trans-
port service and federated interoperability holons — orches-
trated by the Federate Federation Manager Holon — federate
version of the federated interoperability holon with authority
limited to the simulation while also acting as a subholon
to FIH. This federate ensures that all participating entities

Federated
Interoperability
Holon

~
Federate
Federation

Manager Holon

1

Run Time Infrastructure

Federate TH

Federate TSH

!

I l 1

Travel Holon

Transport Service
Holon

Fig.5 HLA structure of the HLA simulation block
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— ranging from transport services and infrastructure moni-
tors to user-facing agents — are synchronized and aligned
with the overarching goals of the simulation. In this simula-
tion, the federates are connected to their corresponding hol-
ons to have access to the rest of the system and the data for
testing and validation purposes. This means that this stage
assumes the role of holon simulation mentioned in Sect. 3
since the holons themselves are the actors of the simulation.

Initially, ethical and unbiased holons play a critical role
in retrieving transport allocation policies, embedding prin-
ciples of fairness, transparency, and safety into the simula-
tion’s operational logic.

As the simulation progresses, holons — connected to the
federates and the run time infrastructure (RTI) — engage in
real-time coordination. Traveler federates submit mobil-
ity requests based on the simulated user needs through the
RTI, while transport service federates respond with rout-
ing and pricing strategies tailored to current conditions
obtained from its connections to the rest of the system
through its holonic counterpart. Simultaneously, the feder-
ate federation manager holon accesses — through the feder-
ated interoperability holon and its connection to vigilant,
understanding, and infrastructure holons — monitor environ-
mental factors such as traffic, weather, and road accessibility,
feeding this data into the rest of the simulation to inform
decision-making.

Similar to the system’s regular operations, the potential
routes are refined and optimized before being sent back
to the simulated user. If any errors, complications, or dis-
crepancies arise — whether in comparison to normal system
operations or to the previously obtained routes — the holon
where the issue occurred flags it and reports it to the federate
federation manager holon. It then invalidates the result and
passes the information to its superholon.

In the final stages of the simulation, HLA time manage-
ment ensures synchronization across all federates, enabling
coherent execution and continuous learning. Holons update
their strategies based on observed outcomes, contributing to
a system that evolves and improves over time. These insights
inform future iterations and guide real-world implementa-
tions. Furthermore, in both cases — when issues are detected
during simulation and when execution proceeds without dis-
crepancies — the simulation concludes with a performance
analysis, evaluating key indicators such as travel time reduc-
tion, CO, emissions, and service accessibility. These met-
rics are subsequently applied to system updates and may
trigger reinitialization in cases where potential routes are
invalidated.

6.5 Discussion

This case study illustrates the transformative potential
of holonic systems in addressing the challenges of rural
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mobility. By harnessing the power of federated interopera-
bility, holons facilitate efficient collaboration among diverse
transport services, resulting in an adaptive, sustainable, and
user-centric mobility network. One of the key strengths of
this approach lies in its scalability. Thanks to their modu-
lar architecture, holonic systems can be easily expanded to
incorporate new transport services and infrastructure, adapt-
ing seamlessly to evolving community needs.

Flexibility is another defining feature. The decentralized
nature of holons allows for real-time responsiveness to shift-
ing mobility demands, which is particularly valuable in rural
areas where transportation needs are often dispersed and
unpredictable. Interoperability, enabled through federated
frameworks, ensures smooth coordination between service
providers, eliminating fragmentation, and enhancing the
overall coherence and efficiency of the transport ecosys-
tem. Furthermore, its operationalization through a federated
approach signifies that this system possesses autonomous
decision-making abilities which signifies that it is a highly
responsive and adaptive system.

Ethical considerations are embedded in the design of
the system, with a strong emphasis on fairness, accessi-
bility, and sustainability. By promoting equitable access
to mobility services, the framework addresses the unique
social and logistical challenges faced by rural populations.
Furthermore, the environmental benefits are significant. By
optimizing travel routes and reducing redundancy, holonic
systems contribute to lower emissions and fuel consumption,
aligning with broader goals for green and climate-conscious
transportation.

Overall, this study proposes that holonic system, when
combined with federated interoperability, has the potential
to offer a viable approach for enhancing rural mobility. This
framework could contribute to more inclusive, efficient, and
environmentally responsible transport networks capable of
adapting to the needs of diverse communities.

7 Conclusion

The concept of holons remains a powerful lens for under-
standing and modeling complex systems. By proposing a
conceptual extension of the holonic system dimensions, this
work seeks to advance the holonic paradigm and provide
a foundation for addressing certain limitations of current
autonomous and adaptive architectures, particularly in rela-
tion to ethical considerations, adaptability, and federated
interoperability in complex and distributed environments.
In this context, we introduced a systematic conceptual
organization of complementary holonic roles that concep-
tually integrates some aspects aimed at alleviating some
of the concerns associated with intelligent and autono-
mous systems. Specifically, these roles are analytical
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constructs that incorporate ethical reasoning, operational
effectiveness, contextual understanding, bias awareness,
vigilance, and federated interoperability within holonic
system designs. Rather than imposing concrete implemen-
tations, they provide a holistic framework for examining
how such concerns may be addressed within a coherent
holonic perspective.

Building on this foundation, our work positions holon-
directed simulation as a natural extension of the pro-
posed framework. In contrast to classical agent-based
approaches, holons-directed simulation emphasizes the
dual role of holons as both simulated entities and autono-
mous actors capable of directing, monitoring, and adapting
the simulation process itself. This perspective highlights
simulation not merely as a modeling technique, but as an
analytical and exploratory mechanism for studying coordi-
nation, emergent behavior, and trade-offs in federated and
dynamic holonic systems.

The applicability of this approach was illustrated
through a rural mobility use case, where holonic roles and
federated interoperability mechanisms were instantiated
within an operable distributed system, for user interac-
tion, as well as an HLA-based simulation environment,
for analytical and validation purposes. While this use case
is not intended as a validation study, it demonstrates the
applicability of the proposed concepts and their potential
to support reasoning about resilience, fairness, adaptabil-
ity, and federated interoperability in real-world settings.

Given the proposed concepts, we plan to further
develop the methodological foundations of holon-directed
simulation, including clearer characterization of holonic
hierarchies, systematic evaluation strategies, and the role
of simulation in supporting learning and adaptation over
time. Additional research directions include developing
shared ontologies for ethical and unbiased holons, as
well as enhancing federated interoperability mechanisms.
Moreover, due to the study’s limitations — namely, the
diverse transdisciplinary nature of the various holons and
the current lack of empirical validation — we intend to
apply the proposed concepts and architecture concretely
to the rural mobility domain, as well as to broader fields
of application, such as smart territories, enterprise ecosys-
tems, and cyber-physical systems.
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